TiC / amorphous carbon (TiC/a:C) nanocomposite thin films were deposited from two targets by direct current (DC) magnetron sputtering system at room temperaure. The film´s composition and morphology were studied in detail by High Resolution Transmission Electron Microscopy (HRTEM), Selected Area Electron Diffraction (SAED), X-ray Photoelectron Spectroscopy (XPS) and Raman Spectroscopy. The sputtering power of carbon target (P C ) was kept at the constant 150 W, while the sputtering power of titanium target (P Ti ) was changed between 5 W and 150 W. Additionally, a C/Ti multilayer was deposited and characterized for comparison. The growth mechanism was derived from the XPS, Raman and HRTEM observations on the grown layer structures and it was completed by a semi-empirical equation for the dependence on the average atomic fraction of Ti. The HRTEM investigations
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ACCEPTED MANUSCRIPT 3 is electrochemically stable in a proton exchange membrane electrolyser [5, 6] . TiC ceramics have been widely used in cutting tools, machining materials and nuclear power industry as a second dispersive phase to improve the intrinsic conductivity of the matrix and the mechanical properties such as fracture toughness of SiC ceramics/bioceramics [7, 8, 9] .
Over the last few years, TiC/a:C nanocomposite protective surface coatings, consisting of hard TiC nanoparticles embedded in a soft amorphous matrix, have attracted a special attention because of their passivation effect on different implant materials [10, 11] . The physical vapor deposition (PVD) techniques such as DC magnetron sputtering are useful to control the coating properties (density, mechanical characteristics) because these properties depend on the microstructure such as grain morphology, textures and porosity [12, 13] .
Martínez et al. [14] studied the concentration of the amorphous carbon (a:C) phase in the films, determining it by assuming that the Ti atoms are bounded to some part of the C atoms forming TiC and the remaining C atoms are present as amorphous carbon. However, TiC X has a wide stoichiometry from x = 0.47 to 0.98 and since PVD is a non-equilibrium process, the α-Ti lattice may accept more carbon atoms due to hindered mobility of the deposited particles [15] .
The main goal of our research work is the understanding of deposited TiC/a:C growth mechanism and the determination of TiC crystal formation at different Ti:C ratios. A secondary aim was to find a connection between the technological parameters (sputtering powers of C and Ti), composition and morphology of the films.
Material and methods
The detailed preparation steps of the TiC/a:C films were described in our previous work [16] . In the current study, 18 different coatings were examined depending on the increasing titanium target power (5 - 
The X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique whereupon the elemental composition of the TiC/a:C based thin films was measured by this method using Al anode. 5 x 5 mm sized specimens were cut out and introduced to the chamber for analysis. The oxide layer was removed from the film surface by composition was determined using sensitivity factors from [17] . The background pressure was 1 x 10 -9 mbar that was increased up to 2 x 10 -7 mbar during Ar ion bombardment. While the original surface was stable during the measurement, the sputtered surface was found to be active, slowly accumulating graphite type carbon from the vacuum environment. In case of those specimen containing small amount of amorphous C beside of huge carbide peak, a longer data acquisition time (2 -4 hours) was applied for accurate measurement. Special attention was given for the proper sputtering conditions to avoid the surface contamination.
Results
Detailed HRTEM observations about the growing of TiC/a:C thin films are shown in investigations and FFT confirm the amorphous phase without any TiC crystals in the case of samples deposited at 5 -10 W of Ti target power ( Fig. 1a, b) as illustrated in the first part of SZD as well ( Fig. 3) . The reason of the growth of individual crystals in two component system is the C segregation and repeated nucleation of the TiC nanoparticles as shown in the second part of SZD ( Fig. 3) . Consequently, the nanocrystalline formation inside the amorphous phase was first observed at 15 -20 W of Ti target power ( Fig. 1c, d) .
The globular TiC nanocrystals with average size of 1 -8 nm, covered by a very thick  10 nm layer of amorphous carbon, began to take shape between 25 -35 W of Ti target power while FFT confirm the presence of the cubic TiC phase ( Fig. 1e , f, g). This growth is characteristic for the third part of SZD ( Fig. 3) . The nanometer-sized columnar TiC crystallites embedded in carbon matrix became increasingly observable due to the increasing titanium content in the layer. Namely, in the case of 40 -50 W of Ti target power ( Fig. 1h , i, j), the films were grown by columnar crystals with 4 -16 nm width and among them 2 -3 nm thin amorphous matrix as it is shown in the fourth part of SZD (Fig. 3) . The crystalline grains along with Moiré patterns as shown in Fig. 1j -in the case of 50 W of Ti target power-which indicates the overlapping of TiC columnar nanocrystals. The columns are extending through the whole film between 55 -70 W of Ti target power ( Fig. 1k , l, m, n). In these films, approximately 8 -26 nm width and fully length columns are separetad by 1 -2 nm thin carbon matrix. This is illustrated in the last part of the SZD (Fig. 3) . In all cases, the present crystalline phase was identified by FFT as a face-centered-cubic (fcc) TiC. The structural study performed by cross-sectional HRTEM imaging showed the increasing tendence of TiC crystals with increasing of the Ti content in the films ( Fig. 1a-n) . The same experiences were shown by Martínez et al. [14] , namely, the samples with a lower amount of a:C has basically a polycrystalline nature and the elongated shape of the TiC crystallites can be explained by considering the columnar growth of these coatings [18] . These observations also showed a
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ACCEPTED MANUSCRIPT 8 good agreement with the work of El Mel et al. [19] . Furthermore, Grigore et al. [20] demonstrated that the increased crystallite size resulted in increased microstress in the films. The further increasing of P Ti from 70 W to 150 W showed the fully length TiC columns with fcc phase (Fig. 2) . In the case of this coatings contain higher Ti concentration, the typical 002 diffuse line for amourphous carbon was not observed as the Fig. 2 represents.
On the other hand, any other Ti phase, such as hcp Ti, was not demonstrated. The last part of the SZD illustrates this type of film´s growth ( Fig. 3) . According to the model of Thornton concerning the coating morphologies, the columnar structure is characteristic for films deposited at low substrate temperature and this type of structure becomes more distinct with the increase of Ti content [20] . their growth) which is in correlation with our measurement between 5 W and 70 W of P Ti (Fig. 4) . The formation of amorphous carbon cannot be excluded above 70 W of P Ti , but its level is below the sensitivity of the XPS method. 16 et al. [21] , where low deposition power (25 W) TiC peaks were centered at 221, 321, 527 and 706 cm -1 and these vibrational modes were found to be indicative of hypo-stoichiometric titanium carbide. The separation of the amorphous carbon peaks is even more significant at 30 W of Ti target power. A narrow band can be distinguished at 1570 cm -1 , overlapping the previously described G peak of amorphous carbon. Since the broader peak is also present around 1560 cm -1 , it can be concluded that the carbon in the sample consists of two components -one is a highly disordered carbon structure, and the other one is more ordered and (based on its position being at higher wavenumbers compared to the other one) contains higher amount of sp 2 rings (graphitic amorphous carbon). The TiC bands here became more intensive, but still broad. Based on the signal / noise ratio of 5, 25 and 30 W samples it can be concluded that the scattering contribution of the amorphous carbon became smaller. This can be due to either the decreasing amount of amorphous carbon or the increasing amount of sp 3 hybridized carbon atoms in the structure.
The Raman spectra for a:C layers produced by magnetron sputtering suggest that this type of films contains remarkable amount of graphite-like sp 2 cbonds, odd membered rings, curved graphitic sheets, and also sp 3 hibridized carbon atoms, forming diamond-like carbon structure with structural disorder of atomic bond angles and bond lengths [22] . The catalytic effect of different transition metals can result in transformation of diamond-like sp 3 carbon structure into graphite-like carbon having higher sp 2 content [23] .
In case of the sample prepared at 55 W of Ti target power, a significant decrease of the peak intensity of amorphous carbon was detected, especially for the peaks belonging to the more disordered structure. The previously observed second G band still present but it is shifted towards larger wavenumbers (1590 cm -1 ), indicating the higher level of graphitization of the structure. The TiC bands were begun to separate. Overall, the volume of the amorphous carbon matrix decreased with increasing Ti target power, whilst a more ordered and graphitic carbon structure appeared. This amorphous carbon phase was the only identifiable carbon
phase next to the TiC which was also proven by the HRTEM images. In case of the sample prepared at 70 W of Ti target power, the spectrum is dominated only by the peaks of TiC. 
Discussion
Titanium was deposited using a pure Ti target at the power of 100 W at four different deposition times. The thickness of the Ti layer was measured and it is shown in Fig. 6a . The same is shown for pure carbon in Fig. 6b . The last data point in Fig. 6b is obtained at an enlarged power of 150 W, and the resulting thickness (around 300 nm) is reduced by the coefficient of 1.5 to make it comparable with other data points of the same figure. One can see that in this way the 4 data points (and the 5 th 0;0 data point) of Fig. 6b appear along the same straight line. This indicates that the deposited thickness of the layer is proportional to the
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ACCEPTED MANUSCRIPT 18 sputtering power, as expected. As follows from Fig. 6a-b , the deposited thickness is also proportional to the deposition time. The findings of Fig. 6a-b are summarized by the following equations: After long deposition times (see the last data points of Fig. 6a-b ) the mass increase of the substrates were measured and from here (and from the measured the geometry of the deposited layer) the densities of the deposits were obtained as: = 4.1 g/cm 3 and = 2.0 g/cm 3 . Let us note that these values somewhat differ from bulk density values [24] . It is in agreement with the usual observation that any property of a nano-phase (i.e. a phase with at least one of its dimensions below 100 nm) is size-dependent, including its density. Dividing the molar masses of these elements (47.9 g/mol for Ti and 12.0 for C) by their above given densities, the molar volumes are obtained as: = 11.7 cm 3 /mol, = 6.0 cm 3 /mol. Dividing The Ti-C co-deposited layers where obtained using a pure Ti and a pure C targets and the same sputtering / deposition times with simultaneous sputtering / deposition of the two components on the same substrate. The sputtering power of C was selected as 150 W, while the sputtering power of Ti was gradually changed from 5 W till 150 W. In ideal case, when the two components do not influence each other during deposition, the mole fraction of Ti in the deposit can be defined as: 
where the numerical coefficient 36.1 is in W (watts). Fig. 4 are shown in Fig. 7 as function of , calculated by Eq. (3c). As follows from Fig. 7a , the actually measured Ti-concentration in the deposit is significantly smaller than it follows from Eq. (3c). If the linear line is drawn through the first 10 measured points in Fig. 7a , this line intersects the = 0 axes not at = 0 point (as it is expected), rather at around = 0.05. It can be explained by the following mechanism:
Different measured composition values from
i. when C and Ti are sputtered simultaneously, the first deposited phase is amorphous carbon. This is because it has a much lower surface energy (0.15 J/m 2 ) [25] compared to the surface energy of Ti (2.57 J/m 2 ) [26] or TiC (2.37 J/m 2 ) [27] . Therefore, the energetic
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ACCEPTED MANUSCRIPT 21 barrier of nucleation of amorphous carbon is more than 1.000 times smaller than the same for Ti or TiC.
ii. Ti atoms cannot be dissolved in the amorphous carbon matrix; this is because their molar volume (atomic size) is about double than that of amorphous carbon. Although it is not a strict rule for amorphous phases, it seems to work here, as well.
iii. Ti atoms can be deposited from the gas phase in presence of amorphous carbon in the form of TiC; this nucleation process needs some super-saturation of Ti atoms in the gas phase.
Titanium atoms appear not in the hcp-Ti form, mostly because the Gibbs energy of formation of the TiC crystal from Ti and C atoms is very negative (-181 kJ/mol [28] ), i.e.
the TiC form of Ti is much more stable in presence of amorphous carbon, compared to the hcp-Ti form (the surface energies of Ti and TiC are similar).
The above conclusions are also in good agreement with the straight line drawn through the first 10 measured points in Fig. 7b ; here the line intersects = 1 (the mole fraction of amorphous carbon in the deposit) also not at = 0 point (as expected), but also at the same = 0.05 point, as above. According to Eq. (3c), this value corresponds to P Ti = 2.1 W.
Thus, we can conclude that when C and Ti are sputtered together at P C = 150 W, pure amorphous carbon with no titanium will be deposited at P Ti ≤ 2.1 W. At P Ti  2.1 W the nucelation of TiC phase becomes possible and the mechanical mixture of TiC particles in the amorphous carbon matrix is formed.
As follows from Fig. 7a When the value exceeds 0.57 (corresponding to P Ti = 54 W at P C = 150 W), a new kinetic barrier of further Ti deposition occurs, which is manifested in nearly no further increase in in Fig. 7a in the interval of 0.57 ≤ ≤ 0.63 (corresponding to 54 ≤
ACCEPTED MANUSCRIPT 22 ≤ 70 (W) at P C = 150 W). This is because in this interval the amount of amorphous carbon would become zero, if further Ti is deposited and leads to the transformation of the remaining amorphous carbon into TiC. However, as follows from Fig. 7b , this does not happen: the mole fraction of amorphous carbon stabilizes at low, but positive values ( Fig. 4 and Fig. 7b ). This is probably due to the interfacial stabilization of TiC nanocrystals by the thin amorphous carbon layer, separating them. If this amorphous layer disappeares, the TiC crystals would have high-energy TiC/TiC grain boundaries. This is because the surface energy of TiC is high, and if two such growing TiC crystals meet at a common interface, they are expected to form a high-energy, high-angle grain boundary. However, if a low surface energy amorphous carbon separates the TiC crystals, the resulting interfacial energy will be much lower. Therefore, the TiC nanocrystals separated by a thin a:C layer will have a smaller total energy than the same without the thin amorphous carbon layer [29] .
Another principal possibility to deposit further Ti atoms with keeping the thin amorphous layer between the TiC crystals would be the decrease of the carbon content in the TiC phase, i.e. the increase of its solubility interval. As follows from Fig. 7c , this is exactly what is happening starting from 70 W of Ti power. The C-content of TiC in our nano-deposit becomes much lower than follows from the macroscopic phase diagram of Fig. 8 . It is very important to note that no hcp-Ti phase forms even when the ideal Ti-content is up-to 80 at%, and even the measured Ti-content is up-to ~ 60 at%, despite what is expected based on the macroscopic phase diagram of Fig.8 . This means that the phase formation of Ti-C nano-layers in our process does not follow the macroscopic phase diagram. It also does not follow the ideal case written by Eq. (3c); in other words, different interfacial energies of different phases (amorphous carbon, TiC, hcp-Ti) and their different nucleation barriers have a significant influence on the phase constitution and micro-structure of the nano-deposit, which cannot be predicted from the calibration curves of Fig. 6 or from the macroscopic phase diagram of Fig.   8 . (the measured values are taken from Fig. 4) . The dashed line showed the ideal line (7a) and it is crossing the zero. 
Conclusion
The effect of titanium content on the growth mechanism and formation of TiC crystals in two component C-Ti films during the magnetron sputtering process was studied.
The HRTEM investigations and FFT confirm the presence of an amorphous phase in samples prepared with 5-10 W Ti target power with some ordering indicated by the XPS results. It is explained by the fact that amorphous carbon has more than 10 times lower surface energy compared to alternative phases hcp-Ti or fcc-TiC, and therefore it has more than 1.000 times less nucleation energy barrier. Ti atoms are not able to dissolve in the When two or more elements are sputtered simultaneously during magnetron sputtering, the composition of the deposited layer cannot be precisely predicted from the ratio of the sputtering powers of the components alone. The composition and the structure of the nanocomposite thin films is also influenced by interfacial energies, nucleation barriers and nano-thermodynamics of different phases. Thus, the knowledge of interfacial energies of all A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 26 possible phases is needed to predict correctly the composition and morphology of different phases in the deposits obtained during magnetron sputtering.
